Low bone mineral density (BMD) prevails among patients with schizophrenia. Antipsychotics use plays an important role in BMD. Previous cross-section study suggests that clozapine treatment may benefit BMD of women with schizophrenia. However, the effect of long-term clozapine therapy on BMD remains unknown. This prospective study compared clozapine and non-clozapine antipsychotics in longterm effects on BMD among both men and women with schizophrenia. Patients with schizophrenia and age-matched healthy individuals were enrolled from two centers. All patients, including clozapine receivers and non-clozapine antipsychotics recipients, kept clinically stable with unchanged antipsychotics and doses for at least 6 months at enrollment and during the follow-up period. BMD was examined by dual-energy X-ray absorptiometer upon enrollment and at 1-or 3-year follow-up. Thorough clinical and laboratory variables were measured too. The mean BMD of patients receiving clozapine was higher than that of the non-clozapine patients at both enrollment and follow-up. Overall, the patients in the clozapine group gained BMD, while those in the non-clozapine group lost BMD after 1-3 years (p = 0.015). There was no significant difference of BMD change between clozapine-treated patients and healthy controls. Factors associated with BMD change in the clozapine group included calcium level (B = −0.607, p = 0.021) and T3 level (B = −0.077, p = 0.007). This longitudinal study suggests that long-term clozapine treatment may protect BMD compared to prolactin-raising and non-clozapine prolactin-sparing antipsychotics among patients with schizophrenia. Future prospective studies are warranted to testify whether switching from non-clozapine antipsychotics to clozapine can rescue BMD.
Our previous study found that women with schizophrenia receiving clozapine had better BMD than those taking PR antipsychotic treatment; however, there was no correlation between prolactin level and BMD 12 . Cui et al. also found that schizophrenia patients receiving clozapine had higher BMD than those receiving non-clozapine 16 . Patients with refractory schizophrenia who receive clozapine therapy usually need long duration of treatment, because it is the last-line therapy for schizophrenia even while novel compounds are under development 17, 18 . Therefore, long-term clozapine effects on BMD require elucidation. Animal study suggests that clozapine can interact with the glycine site of the N-methyl-D-aspartic acid receptor (NMDAR) 19 and chronic clozapine administration can up-regulate NMDARs 20, 21 . NMDARs are expressed in osteoblasts and osteoclasts 22, 23 , and down-regulation of NMDARs may result in the decrease of osteogenesis 24 . It has not yet been clear whether clozapine exerts different effects on BMD compared to other antipsychotics, particularly non-clozapine PS antipsychotics that do not cause hyperprolactinemia. This study prospectively followed up BMD for one to three years in both male and female patients with schizophrenia under stable antipsychotics treatment and in healthy men and women, aiming to investigate the long-term effect of clozapine vs. non-clozapine antipsychotics (including PR and non-clozapine PS antipsychotics) on BMD.
Results

Subjects.
A total of 155 participants (111 schizophrenia patients and 44 healthy controls) were recruited.
Among 111 patients with schizophrenia, 22 patients (19.8%) were from the outpatient clinics and the other 89 (80.2%) were from the inpatient units. Patients with schizophrenia were classified into two groups accordingly to the antipsychotics they had been taking: clozapine group and non-clozapine antipsychotics group. Overall, there were three groups, including two groups of schizophrenia patients and one group of healthy individuals.
The mean age was similar among the three groups. The percentage of women in healthy individuals was higher than those in schizophrenia groups (p = 0.004, χ 2 test). The healthy individuals had higher education level, lower body weight and BMI, smaller waist and hip circumstances than the schizophrenia patients (all p values < 0.001, Table 1 ). Between the two groups of schizophrenia patients, patients in the clozapine group had lower antipsychotic dose and severity of psychotic symptoms (mainly in the negative and general-subscales of PANSS) ( Table 1) . The global functioning, duration of disease, duration of antipsychotic treatment, and concomitant mood stabilizers use were similar between the two patient groups (all p values > 0.05, Table 1 ). Healthy individuals had lower alkaline phosphatase level, higher estradiol level and lower testosterone level than patients with schizophrenia. Patients in the clozapine group had higher TSH level than non-clozapine group (p = 0.011, Mann-Whitney U test). Patients in the non-clozapine group had higher prolactin level and higher percentage of hyperprolactinemia than the clozapine group and healthy controls (both p values < 0.001). Patients in the clozapine group had higher baseline BMD (determined by DEXA T score and DEXA Z score) than patients in the non-clozapine group (p = 0.007 and 0.017, respectively, post-hoc test using Bonferroni method). Patients in the non-clozapine group had higher percentage of baseline LBMDZ than patients in the clozapine group and healthy controls (p = 0.017 and < 0.001, respectively, Fisher's Exact test). The three groups had similar calcium, T3 and cortisol levels (all p values > 0.05).
Patients taking clozapine had more bone density gain than patients taking other antipsychotics. For overall subjects as whole (both subjects with 1-year follow-up and subjects with 3-year follow-up), healthy individuals gained more BMD than patients with schizophrenia (both clozapine and non-clozapine patients) after 1-3 years (DEXA Z scores differences 0.16 ± 0.47, −0.10 ± 0.66, respectively, p = 0.013, Mann-Whitney U test). Noteworthy, clozapine-treated patients and healthy controls gained similar BMD (p = 0.31, Mann-Whitney U test); on the contrary, non-clozapine antipsychotics patients significantly lost BMD, compared to healthy controls after 1-3 years (p = 0.003, Mann-Whitney U test) ( Table 2) .
At 1-year follow-up, there was no significant difference of BMD change between clozapine and non-clozapine groups (p = 0.81, Mann-Whitney U test) ( Table 2) .
At 3-year follow-up, patients taking non-clozapine antipsychotics had more BMD loss than those in the clozapine group and healthy controls (p = 0.032 and 0.033, respectively, Mann-Whitney U test). There was no significant difference of BMD change between clozapine group and healthy controls (p = 0.33, Mann-Whitney U test) ( Table 2) .
For further examining the effects of PR and non-clozapine PS antipsychotics on BMD, we also classified patients into three groups based on their antipsychotics used: PR, non-clozapine PS, and clozapine. Overall, patients in PR and non-clozapine PS groups significantly lost BMD compared to clozapine-treated patients and healthy controls after 1-3 years (p = 0.037, Kruskal-Wallis test) (Supplementary Table 1 ).
predictive factors of bone density change in patients with schizophrenia. Backward multiple linear regressions were applied to identify the factors associated with BMD change (DEXA Z score difference after 1-3 years) in patients with schizophrenia (Supplementary Table 2 ). Potential factors included gender, education duration, age at onset, baseline BMD, duration of schizophrenia, duration of antipsychotic treatment, body weight, height, BMI, waist and hip circumstances, clozapine or non-clozapine antipsychotics use, PR or PS antipsychotics dose, concomitant mood stabilizers, PANSS scores, GAF score, calcium level, alkaline phosphatase level, TSH level, T3 level, cortisol level, estradiol level, testosterone level, prolactin level, and hyperprolactinemia.
Simple linear regressions separately examined all potentially variables aforementioned prior to application of multiple linear regressions. The variables with significant influence on the DEXA Z score change in single linear regressions were then selected to be variables for the multiple linear regression models. 
Discussion
It is important to monitor BMD change for schizophrenia patients with long-term, usually lifelong antipsychotics use. To our knowledge, the current study is the first one to follow up BMD after long-term use of clozapine versus non-clozapine (including PR and non-clozapine PS) antipsychotics in patients with chronic schizophrenia. The 3-year BMD change of healthy individuals was also measured for comparison. The findings suggest that patients receiving clozapine gained BMD, while those receiving non-clozapine (including PR and non-clozapine PS) antipsychotics lost BMD after 1-3 years. In consistent to our previous study that prolactin level itself was not correlated with BMD 12 , there was no significant association between prolactin level/hyperprolactinemia and BMD changes in this study. This longitudinal study conducted in a new cohort echoes the finding of our previous www.nature.com/scientificreports www.nature.com/scientificreports/ cross-sectional study in another cohort, suggesting that clozapine may have protective effect on BMD that may be unrelated to its prolactin-sparing effect 12 .
In the 1-year follow-up site, there was no significant difference of BMD change between clozapine and non-clozapine group. However, the baseline and endpoint BMD of the clozapine group were significantly higher than those of the non-clozapine group in the 1-year follow-up site. In the 3-year follow-up site, patients in the clozapine group had increased BMD, while patients in the non-clozapine group had decreased BMD after 3 years ( Table 2 ). The insignificant difference of BMD change between clozapine and non-clozapine groups in the 1-year follow-up site may have been partially due to the relatively shorter duration of follow-up. Overall, our findings suggest that clozapine may be beneficial in protecting BMD among patients with schizophrenia after longer duration of follow-up.
Although the multiple linear regressions analysis did not show that clozapine or non-clozapine antipsychotics use was a significant predictive factor for BMD change in schizophrenic patients, it is interesting to elucidate clozapine's effects on BMD.
The multiple linear regression models showed that serum calcium levels and T3 levels were negatively associated with BMD changes in patients receiving clozapine (Supplementary Table 3) . A rat study found that clozapine can up-regulate calcium sensors, such as visinin-like protein 1 and neurocalcin δ 25 . An in vitro study also revealed that clozapine exerted activity by altering cell excitability and firing via actions on T-type calcium channels 26 . Thyroid function may be important for BMD in clozapine recipients. Studies have suggested the association between TSH level and BMD or fracture in both women and men [27] [28] [29] . Our previous study also found that TSH level was associated with BMD in women receiving clozapine 12 . However, studies that examine the interactions between clozapine and calcium or T3 are scanty. The role of calcium and T3 in BMD of clozapine recipients needs further investigation.
As aforementioned, clozapine may be able to protect BMD by activating NMDARs; however, other mechanisms deserve attention too. A recent animal study showed that clozapine had protective effect on bones possibly via causing sex-specific increase in pro-inflammatory cytokines 30 . It will be interesting to explore the effect of clozapine on bone mass and other related parameters.
This study has several limitations. First, the sample size was modest. Among the 35 schizophrenic patients with 3-year follow-up, only 13 patients were in the clozapine group. The insignificant finding for clozapine or non-clozapine antipsychotics use in the linear regression analysis may be partly due to the limited sample size and the relatively short follow-up duration (1 year) for some patients. Second, the follow-up durations and the exercise programs for the participants were different between the two hospitals. Third, it was difficult to restrict diet and exercise rigorously for patients and healthy controls at outpatient clinics although adequate education had been provided for them. Fourth, the amount of exercise was not measured quantitatively. Daily habits such as dietary calcium consumption 31, 32 , exercise 9, 33 and sun exposure 9 affect bone density. These factors should be included as variables in future study. Fifth, the bone metabolism related parameters were not measured completely due to the limited amount of blood sample. Sixth, measurements on prolactin, T3, calcium levels and several factors that may be associated with BMD at the endpoint were lacking, making it difficult to link baseline prolactin, T3, and calcium levels with BMD after 1-or 3-years follow up. Measurements on these factors should be included in future study. Lastly, the findings of the current study may not be unable to be extrapolated to all patients with schizophrenia because the population of the present study was in single race (Han Chinese) and had relatively long duration of disease and chronically ill symptoms.
In summary, this multicenter, longitudinal follow up study suggests that long-term clozapine treatment may be protective for BMD compared to non-clozapine antipsychotics in patients with chronic schizophrenia. The underlying mechanisms of clozapine's effects on bone metabolism warrant further elucidation. Patients receiving long-term non-clozapine antipsychotic treatment are at higher risks for osteoporosis, fall and fracture. If the finding of this study can be replicated and confirmed in future studies, clozapine may be a potential choice for patients with schizophrenia who have high risk of osteoporosis. It is also interesting to demonstrate in prospective study whether switching from non-clozapine antipsychotics to clozapine helps to rescue BMD loss. participants. Patients with chronic schizophrenia were diagnosed and assessed by research psychiatrists using the DSM-IV criteria 34 . All patients had been under stable clinical condition with unchanged antipsychotics and doses for at least 6 months prior to the enrollment 35, 36 . Patients recruited from Changhua Hospital were followed up for one year, while patients and healthy individuals recruited from Kaohsiung Chang Gung Memorial Hospital were followed up for three years. The antipsychotics and doses of patients from both sites had been kept unchanged during the follow-up period.
The patients were classified into two groups: clozapine group (clozapine was the only antipsychotic drug for the patients) and non-clozapine antipsychotics group. The non-clozapine antipsychotics included both PR (risperidone, amisulpride, paliperidone, ziprasidone or first-generation antipsychotics) and PS (olanzapine, quetiapine or aripiprazole) antipsychotics except for clozapine.
Healthy individuals were free from any axis I psychiatric disorder. Patients and healthy individuals with the following mental or physical conditions that might affect the BMD were excluded: substance abuse or dependence (including smoking and alcohol drinking that were forbidden at public places and hospitals in Taiwan), eating disorder, pregnancy or lactation, bone metabolism diseases, electrolyte imbalance, renal function impairment, pituitary tumor, thyroid or parathyroid diseases, and co-medications known to affect BMD (e.g. drugs for osteoporosis such as alendronate 37 , parathyroid hormone 38 , estrogens, selective estrogen receptor modulators 39 , bisphosphonates, and calcitonin 40 , heparin 41 , and glucocorticoids 35 ) except antidepressants and benzodiazepines that did not consistently influence BMD 42 .
Assessment. The BMD was measured by dual-energy X-ray absorptiometer (DEXA) [43] [44] [45] at L2-L4 lumbar spine in a supine position at baseline and after 1-year (for site 1) or 3-year (for site 2) follow-up. The DEXA data was reviewed by experienced radiologists who were unaware of the clinical characteristics of the participants. Osteopenia was defined by an absolute DEXA T score between -2.5 and -1 46 , while osteoporosis was defined by a DEXA T score of -2.5 or lower 47 . T score ≤ -1 was defined as low BMD (LBMDT, including osteoporosis and osteopenia) 46 . T scores were obtained from the comparison with 30-year-old population. Therefore, we also measured DEXA Z score to help determine whether the bone density loss resulted from aging 48 . Z score ≤ -1 (LBMDZ) was considered as bone density loss due to causes other than age itself 48 . Blood samples were collected at 8 AM. Bone-remodeling related factors were measured, including serum calcium, alkaline phosphatase, TSH (thyroid-stimulating hormone), T3, cortisol, estradiol, testosterone and prolactin. Complete blood and platelet count, BUN (blood urea nitrogen), creatinine, GOT (glutamic oxaloacetic transaminase) and GPT (glutamic pyruvic transaminase) were also measured to exclude major physical problems. Hyperprolactinemia is defined as an elevation of prolactin level above the upper limit of the reference laboratory, 25 ng/ml in women 49, 50 and 17 ng/ml in men 51 . Physical examinations including height, weight, body mass index (BMI), waist and hip circumstances were also determined.
For patients with schizophrenia, clinical data including psychiatric and physical illness history, medication kind and duration of use were collected by research psychiatrists by structured clinical interview and chart review. Positive and Negative Syndrome Scale (PANSS) 52, 53 was used to assess the severity of psychopathological symptoms. Global Assessment of Functioning (GAF) (axis V of DSM-IV) was also used to evaluate the overall functioning. The intra-class correlation coefficient (ICC) among the raters was 0.9.
statistical Analysis. Chi square tests or Fisher's exact test was applied for the comparisons of categorical data between groups. Shapiro-Wilk W test was used to examine the normality. Continuous data were analyzed by t-test and ANOVA test, or the corresponding non-parametric method, Mann-Whitney U test and Kruskal-Wallis test, for variables with non-normal distributions. The multiple regression models were applied to explore the contributing factors related to DEXA Z score change after 1-3 years. All tests were two-tailed, and significance of tests was defined as p-value < 0.05. Data were analyzed with SPSS version 18.0 (SPSS Inc., Chicago, IL, USA).
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